Abstract In this study,
Pine wilt disease (PWD) is considered a worldwide threat to pine forests, resulting in massive economic losses and negative ecological consequences for the affected countries (Rodrigues 2008; Xie et al. 2009 ). In 1971, the pinewood nematode (PWN) Bursaphelenchus xylophilus was proven to be the causal pathogenic agent of PWD (Kiyohara and Tokushige 1971) and nowadays constitutes an important quarantine species. A decade later, Oku et al. (1980) reported a possible association of PWN with toxinproducing bacteria, which later became evident by the studies developed by Zhao et al. (2003) and Han et al. (2003) . It is now known that the PWN carries bacteria from different genera and that the bacterial communities differ among countries. In Japan, the genus Bacillus is predominant (Kawazu et al. 1996a) , while in China, the genus Pseudomonas seems to be the most abundant (Kawazu et al. 1996b) . In Korea, the genera Burkholderia, Brevibacterium, Ewingella, Enterobacter and Serratia appear to be associated with the PWN (Kwon et al. 2010) .
The emergence of PWD in Portugal dates from 1999, with the first report of B. xylophilus in Europe (Mota et al. 1999) . Initially, the affected area covered 510,000 ha of maritime pine (Pinus pinaster) forestland, mainly in the Setubal peninsula (Mota et al. 1999) , but more recently it has been detected in the center of Portugal, in Arganil and Lousã (Proença et al. 2010) . In Portugal, the bacterial community associated with diverse nematode species found together with PWD foci varies between sampling regions and is mainly composed of the genera Burkholderia and Pseudomonas, as well as other bacteria from the family Enterobacteriaceae (Proença et al. 2010) .
Despite the fact that the bacterial populations vary within countries or regions, many known plant pathogenic bacteria have been identified among these populations. At present, there is no information as to whether the so-called symbiotic bacteria remain strongly associated with PWN even after nematode collection and re-culture in laboratory conditions. The pathogenicity of PWN, cultured for multiple generations over 2-3 years, is maintained (Li 2007 ). The present study intends to contribute to the understanding of the bacterianematode relationship by comparing the bacterial communities from long-term preserved B. xylophilus maintained in laboratory conditions, with bacterial communities isolated from B. xylophilus recently collected from symptomatic pine trees.
Two main sampling sources of B. xylophilus were screened for associated-bacteria: 21 lab cultures of B. xylophilus isolated from different PWD areas in Portugal between 2005 and 2008 ( Fig. 1 , locations 1-11) and five symptomatic trees collected in a single recent PWD focus (Fig. 1, location 12) . B. xylophilus from long-term preserved cultures are maintained in Erlenmeyer flasks with Botrytis cinerea grown in Barley seeds, at 4°C. Routine transfers are conducted every 2-months to ensure B. xylophilus viability. Nematode surface-disinfection (3 min duration) and bacterial isolation procedures were performed according to Han et al. (2003) and Zhao et al. (2003) . Nematode disinfection prevents isolation of bacteria from the nematode surface i.e. those with no close association. Colonies in the PWN trail with different morphological characteristics were selected from four different culture media (TSA, trypticase soy agar; NA, nutrient agar; LA, Luria agar; PSDm, Pseudomonas complex medium). Plates were incubated at 28°C for 1 week and the isolates subsequently streaked onto fresh medium to obtain pure cultures. Each bacterial isolate was maintained at 4°C for routine use and long-term stored in 20% glycerol (v/v) at -80°C.
Extraction of genomic DNA was performed using a Purelink Genomic DNA kit following the manufacturer instructions (Invitrogen, USA). Amplification of 16S rRNA genes was conducted using primers Y1-Y3 (Laranjo et al. 2004 ) and 63F-1389R (Hongoh et al. 2003) . PCR products were purified using a GFX kit (GE Healthcare, UK) and Exonuclease I plus FastAP TM Thermosensitive Alkaline Phosphate (Fermentas, Canada). The 16S rRNA gene sequences were analysed using Staden Package software version 1.5 (Staden 1996) . ClustalW multiple alignment was conducted in BioEdit version 5.0.9 (Hall 1999) . Phylogenetic trees were constructed from evolutionary distances using the Neighbor-Joining method and Kimura's two-parameter model, using the Mega 4.0 programme (Tamura et al. 2007 ). Phylogenetic robustness was inferred by bootstrap analysis using 1,000 iterations. Bacillus subtilis (GenBank accession number AJ276351) was selected as out-group in the phylogenetic analysis. All 16S rRNA gene sequences were checked for chimeras and other anomalies using the Pintail version 1.0 software (Ashelford et al. 2005) and submitted to GenBank, National Centre of Biotechnology and Information, http://www.ncbi. nlm.nih.gov/. The GenBank accession numbers for the 16S rRNA gene sequences for bacteria from laboratory pinewood nematode cultures (LCN) and pinewood nematode from diseased trees (PWN) were designated, respectively, JF431252-JF431280 and JF494810-JF494830.
In total, 162 bacterial isolates were obtained by culture-dependent methods, of which 63 were isolated from B. xylophilus from long-term preserved Fig. 1 Map location of pine wilt disease foci in Portugal. The first report of PWD is marked dark-grey. Most recent PWD locations are marked light-grey. 1 Góis, Coimbra; 2 Penacova, Coimbra; 3 Lourosa, Coimbra; 4 Cabanas de Viriato, Viseu; 5 Setúbal Peninsula; 6 Porto Mós, Leiria; 7 Oleiros, Castelo Branco; 8 Miranda do Corvo, Coimbra; 9 Arganil, Coimbra; 10 Tábua, Coimbra; 11 Valado de Frades, Leiria; 12 Avô, Coimbra culture collections (laboratory cultured nematodes, LCN) and 99 from B. xylophilus extracted from symptomatic Pinus pinaster (PWN symptomatic trees, PWN). The rich medium TSA supported the growth of the highest number of bacteria and with more distinct morphologies. The 16S rRNA gene sequencing of bacteria analysed revealed the presence of bacteria from two phyla, Proteobacteria and Firmicutes, this last accounting only for 9% of the total number of isolates recovered. For representatives of the phylum Proteobacteria, two main classes were found (Betaproteobacteria and Gammaproteobacteria), with respectively, the orders Burkholderiales and Pseudomonadales, and Enterobacteriales and Xanthomonadales. For representatives of the phylum Firmicutes, only two orders were found, namely Lactobacillales and Bacilalles. In detail, LCN bacterial isolates were predominantly from the genus Enterobacter (27% of isolates), namely Enterobacter aerogenes, Enterobacter ludwigii and Enterobacter hormaechei; and from the genus Serratia (22% of isolates), namely Serratia proteamaculans. Representatives of the genera Acinetobacter, Comamonas, Ewingella, Herbaspirillum, Klebsiella, Pseudomonas, Rahnella were also found in low percentages (around 1-3% of isolates respectively). The genus Enterococcus (19% of isolates) was the main representative of Firmicutes, followed by Staphylococcus (less than 2% of LCN bacteria isolates). As far as we know this is the first report of bacteria found in close association with B. xylophilus, after successive generations grown in the lab. Of the PWN bacterial isolates, the majority belonged to the genus Serratia (38% of isolates), with Serratia marcescens and S. proteamaculans as the main species; Erwinia (23% of isolates), with Erwinia cypripedii and Erwinia billingiae present; and Rahnella (16% of isolates), identified as Rahnella aquatillis. Representatives of other genera were also collected in lower percentages, such as Pantoea (9% of isolates; Pantoea agglomerans and Pantoea cedenensis); Enterobacter (7% of isolates; Enterobacter aerogenes); Ewingella (2% of isolates; Ewingella americana); Pseudomonas (2% of isolates; Pseudomonas fluorescens) and Burkholderia (1% of isolates; Burkholderia phytofirmans). The genus Staphylococcus (1% of isolates) was the only representative of Firmicutes recovered from PWN. These results are in accordance with those presented by Proença et al. (Proença et al. 2010) , who reported that the major phylogenetic groups of bacteria associated with B. xylophilus and other nematodes identified in three different PWD foci in Portugal, were Enterobacteriaeceae (genera Yersinia, Serratia, Pantoea, Erwinia and Ewingella), Burkholderiaceae (genus Burkholderia) and Pseudomonadaceae (genus Pseudomonas).
The phylogenetic relationships of 26 representative LCN and PWN bacterial isolates with related species that interact with plants are shown in Fig. 2 . Several LCN and PWN bacteria are closely related to bacteria known as plant-growth promoting bacteria (PGPB) and to plant pathogens. For example, the two species of the genus Serratia herein reported to be in association with B. xylophilus, S. proteamaculans and S. marcescens, have been described as either PGPB (Bai et al. 2002; Mohamed and El-wahab 2009) and others. The investigation of the phenotypes of the LCN and PWN bacteria towards pine trees will be an important next step for future work since it should help in inferring the most important plant pathogenic bacteria closely associated with B. xylophilus and that consequently may contribute to the development of PWD. Figure 3 summarises the main bacterial genera, and their frequency, found in both sampling sources, LCN and PWN. The most predominant genera were Serratia (S. proteamaculans) and Enterobacter (E. aerogenes), followed by Ewingella (E. americana), and Pseudomonas (P. fluorescens). The fact that these species remain in association with B. xylophilus, even after successive nematode generations in the laboratory, suggests a strong specific bacteria-nematode relationship. To reinforce this hypothesis, it has already been reported that the pathogenicity of laboratory cultured B. xylophilus is maintained for at least 3 years (i.e. for multiple generations); Moreover, a decrease in PWD development was observed when the inoculated B. xylophilus were previously surfacesterilized, suggesting superficially associated bacteria can also be significant (Li 2007 ). The present study shows that there are bacteria closely associated to Bursaphelenchus xylophilus. Nevertheless, more Fig. 3 Summary of the isolation frequency of the main genera of bacteria associated with LCN cultures and PWN recently sampled from symptomatic trees in Portugal studies are still needed to prove the so-called symbiotic relationship bacteria-nematode.
